Abstract-The choice of milling cutter geometry and appropriate cutting data for certain milling applica tion is of vital importance for successful machining results. Unfavorable selection of cutting conditions might give rise to high load impacts that cause severe cutting edge damage. Under some circumstances the radial depth of cut in combination with milling cutter geometry might give unfavorable entry conditions in terms of cutting forces and vibration amplitudes. This phenomenon is originated from the geometrical features that affect the rise time of the cutting edge engagement into workpiece at different radial depths of cut. As the radial depth of cut is often an important parameter, particularly when machining difficult to cut materials, it is important to explore the driving mechanism behind vibrations generation. In this study, acceleration of the workpiece is measured for different radial depths of cut and cutting edge geom etries. The influence of the radial depth of cut on the dynamical behavior is evaluated in time and fre quency domains. The results for different radial depths of cut and cutting geometries are quantified using the root mean square value of acceleration. The outcome of this research study can be used both for the better cutting data recommendations and improved tool design.
INTRODUCTION
Dynamics of the milling process is one of the parameters that has significant effect on the tool life. Dynamic characteristics of the machine-tool-workpiece often set the boundaries on the material removal rate. Additionally, the selection of the cutting data in combination with the workpiece material plays an impor tant role in the vibrational behavior of the cutting process. As the milling process is intermittent per definition, the impact loads at the entries and exits of the cutting edges give rise to the transient and forced vibrations that in combination with the self excited vibrations generate complex vibratory motion of the cutting edge. The dynamics of the cutting process is explored in depth by [1] , where the focus has been set on the stability approach and chip wave regeneration effects, meta stability according to [4] . This theory results in certain cut ting conditions that ensure stable cutting action. Even the concept of differential pitch cutters originates from the general chatter theory, which is explained in [2] . However, the stable cutting action is still characterized by vibration amplitudes that most frequently have negative effect on the cutting tools, as it has been shown in [3] . These amplitudes are strongly reinforced by impact loads originating from the entry and exit of the cutting edges. Another essential source of the vibratory motion of the cutting edge is the chip segmentation, which is explained in great details in [4] . Extensive research work has also been done on the measurements of the cut ting forces and vibrations. For the cutting force measurements, stationary dynamometers mounted on the machine table or rotating dynamometers mounted in the spindle are often utilized. These devices give valuable insight into the cutting process but they have in general limited frequency range which brings uncertainty into the cutting force evaluation. A comparison study for chatter detection including cutting force dynamometer, accelerometer, spindle electrical power signal and acoustic emission has been reported in [5] . The results indi cate that multi sensor signal composed of the axial force and the accelerometers gives best accuracy and robustness. This is extremely important in the intermittent machining when the force build up process is characterized by very short rise times and high impact loads. In the work presented here, the vibration measurement is car 1 The text was submitted by the authors in English.
ried out with triaxial accelerometer attached to the workpiece. This study analyzes the effect of the entry con dition on the vibrations in face milling application as a function of a radial depth of cut. Basically, the rise time for force build up is, among other, a function of the radial depth of cut. The experimental work is followed by analysis of the measured acceleration in the time and frequency domain. A method using root mean square value, RMS, directly computed from the sampled acceleration data from the workpiece vibration is presented. RMS captures the amplitudes of the vibration for different cutting conditions, which in this particular case is a radial depth of cut. The RMS method is applied on the trials with a face milling cutter with one tooth to iden tify the critical radial depth of cut, i.e., the position that causes highest vibration amplitudes. In addition, the influence of the cutting edge geometry on the total vibrational behavior is also analyzed.
METHODOLOGY
The cutting tests were conducted in the milling machine MS500 with BT50 tool holder. A number of work pieces from the same batch have been specially prepared to make sure the consistency in the trials. The work pieces have been pre machined to the identical dimensions and given radial depth of cut to ensure constant arc length of cut during the engagement. Three cutting geometries were run in five different cutting conditions so totally there have been 15 trials. Each trial generated 14 engagements that were used for the analysis. The cutter has been equipped with one tooth. Some additional tests have been done with fully equipped cutter, with 6 inserts and the results from these tests are also commented. A simplified modal analysis of the workpiece and vice was carried out in order to find out the dynamical properties of the system. The sampled acceleration files were analyzed in Mathcad software, there the sampled data have been processed in time and frequency domain.
Cutting Test Conditions
The experiments were run at the same cutting conditions except for the radial depth of cut. Assuming that the uncut chip thickness can be expressed as follows: ,
where θ is the engagement angle of the cutting insert, the uncut chip thickness at the entry can adopt equal values on the up milling and down milling section of the cut. The radial depths of cut B and E are chosen to get equal chip thickness at the entry and the same is done for the radial depths of cut C and D. This is sche matically shown in Fig. 1 . Additionally, the full engagement with 100% radial depth of cut is run as case A. The complete set of the cutting data used in the tests is shown in Table 1 . The situations at the very entry of the cutting edge into the workpiece for the defined radial depths of cut are illustrated in Fig. 2 . The arrow shows the feed direction. 
Cutting Tool Geometries
The milling cutter used in the trials is R220.53 0080 12 6A. Three different cutting geometries, CG1, CG2, and CG3 have been run in the tests. The geometrical description of the cutting geometries is illustrated in Fig. 3 followed by the normalized values in Table 2 .
The helix angle of the cutting edges for the cutting geometries CG1 and CG2 are identical while the cutting edge of the CG3 is slightly different. This difference is shown in Fig. 4 . 
Experimental Setup
The clamping system of the workpiece in the milling machine is shown in Fig. 5 . The workpiece material was steel 42 CrMo 4. The section of the workpiece was 100 × 100 mm with length of 300 mm. The overhang of the workpiece from the vice was 125 mm.
The triaxial accelerometer of type Dytran 3093B was attached to the very end of the workpiece as shown in Fig. 5 . The accelerometer was connected to a USB Single Module Carrier NI 9233. The sampling frequency used in the DAQ system was 25 kHz. The time domain acceleration data was sampled and the further analysis was conducted in Mathcad. The dynamic properties of the workpiece during the milling process change as a certain part of the material is removed. The dynamic properties are also very sensitive in terms of the position of the milling cutter in relation to the accelerometer. In order to ensure the same conditions as much as pos sible, a number of special blanks have been made for the experiments where the cutting took place at the same position in the X axis in relation to the accelerometer for all experiments. The milled blanks are shown in Fig. 6 .
Modal Analysis
In order to find out the dynamic properties of the structure consisting of the workpiece, vice and clamping system, a modal analysis of this part of the machine structure has been carried out. The main goal of the modal analysis has been to extract dominant modes in the X, Y and Z directions, while the modal shapes have not been treated. The equipment utilized for the experimental modal analysis was Dytran impact hammer, model 5800B3 and the accelerometer, model 3093B. The hit point on the structure was fixed while the accelerometer was set to 4 different positions as shown in Fig. 7 . The measurement points were chosen to capture the relative motion between the parts of the workpiece-vice structure. From the experimental measurements the most important modes with their dynamic characteristics, i.e., natural frequency, half power frequencies, damping ratio, and magnitude have been extracted. The FRF (Frequency Response Function) has then been computed for each direction using the experimental data. The impact hammer tests have been carried out with high pass filter with cut off frequency of 200 Hz. Consequently, the low frequency range and its influence on the FRF have been neglected in the modal analysis. The frequency response functions for each direction are shown in Fig. 8 . Despite the rather stiff configuration of the structure, the first natural modes for all directions are below 1 kHz. The FRF functions seem to be strongly affected by the machine table, vice and clamping system. The X direction is approximated with one dominant mode at 490 Hz which is close to the first natural mode in the Z direction. The first mode in the Y direction is at 920 Hz and in the Z direction at 500 Hz. These are the most flexible modes in the structure within the frequency range defined by high pass filter at 200 Hz.
Theoretical Aspects
One of the basic characteristics of the milling process is the chip thickness variation during the cutting. The entry and exit takes place at the different positions with different radial depth of cut and positioning of the milling cutter with respect to the workpiece. Consequently, the chip thickness also varies depending on the tool's positioning.
In addition, the geometrical properties of the milling tool as lead angle, helix angle, rake angle and protec tion chamfer have tremendous effect both on the magnitude and build up process of the load. In the majority of the milling applications the cutting force is periodic and nonharmonic. This is despite the fact that the chip thickness is a function of a feed per tooth and engagement angle as shown in Eq. (1). The main reason for this behavior is the interruption of the cutting process that causes the ramp up of the force at the entry and exit. This phenomenon causes broader frequency excitation range and is in general dealt by Fourier series, which results in number of harmonics necessary to sufficiently describe the dynamic force:
.
In the expression above n is the harmonic of the fundamental frequency. The ramps created by the entry and exit of the force generate large number of harmonics carrying sufficient energy that correspond to the increase of the vibration amplitude. If any of harmonics coincides or is close to any of natural modes there might be risk of increasing the amplitude of vibration. Changing the RPM may resolve the issue as the funda mental frequency alters but it is not always an easy task especially if there are many significant natural modes close to each other. In order to capture the force build up process it is necessary to include higher harmonics. This is exemplified in Fig. 9 where the force is modeled by different number of harmonics, n equal to 4 and 30.
Although a sudden increase or decrease of the chip thickness causes an impact load on the cutting edge, the main parameters that influence the impact originate from the tool geometry, workpiece geometry, and cut ting data. If the basic assumption is that the amplitude of the vibration is essential for the cutting process, then a method to evaluate the vibration amplitude of the milling process would be worthwhile. In this study, root mean square value, RMS, is utilized for the evaluation of the vibrations in the milling process. An advantage of this method is that it incorporates all vibrations that exist in the process. The forced vibrations, transient vibrations due to the entries and exits, potential chatter and regeneration effects are all incorporated in the evaluation of the total amplitudes using RMS value. RMS value can be expressed in the time domain as follows:
, where y is the amplitude and N is the number of samples. In the frequency domain, RMS can be computed using fast Fourier transform (FFT) coefficients, Y(m) and number of samples N as follows:
Ensuring that number of samples is constant for trials, the RMS values for different cutting situations can be used to quantify vibration amplitudes. There are several characteristics of this method that are advanta geous. Firstly, the method gives one parameter that describes the dynamics of the cutting. Secondly, it captures the strong amplitude variations at the interruption of the cut, and finally it also gives a robust result as it is in this particular case computed over 14 engagements.
RESULTS
In order to analyze and explore all significant features from the measurement data, the results are presented both in time and frequency domains while the RMS values are presented and discussed in the end of this section.
Time Domain Analysis
The sampled acceleration data for all radial depths of cut and all three directions are shown in Fig. 10 . It is important to emphasize that the scale is four times greater for the cases D and E than for other three radial depths of cut. It is due to the fact that the measured acceleration is significantly higher for these two cases com pared to the rest, which is a consequence of sudden impact over the whole depth of cut. The magnitude of the acceleration of the workpiece seems to be strongly dependent on the impact force at the entry and exit of the cutting edge. It is assumed that the measured acceleration signal from the workpiece incorporates all types of vibrations: transient, forced, and regenerative vibrations. The milling processes for all applied cutting condi tions in the trials are stable, i.e., there is no growth of the amplitudes over time which can be seen in the graphs in Fig. 10 . As the peak of the acceleration amplitude for the case D is roughly 16 g compared against, for instance the case B, where the acceleration peak is 2 g, it strongly indicates that the impact load has tremen dous effect on the vibration behavior of the milling tool and the workpiece. In general, the acceleration mea sured on the workpiece in these trials demonstrates strong dependency upon the entry and exit loads.
As shown in Fig. 11 , the distribution of the acceleration peaks over time seems to exhibit similar patterns for all radial positions. The highest peaks are generated at the entry but a significant increase of acceleration is evident at the exit too. This effect can be seen particularly in the cases A and B where the chip thickness is small at the entry of the cutting edge into the workpiece. The exit acceleration has higher amplitudes than the entry acceleration for the cases A and B, which is shown in Fig. 11 . Looking at the magnitude of the peaks at the exit, they seem to be independent of the acceleration amplitudes at the entry for the given cutting condi tions that is illustrated in Fig. 11 . Although there is no clear distinction between the entry and exit vibrations for the case E where the engagement is the shortest it might be concluded that the exit vibrations don't signif icantly change the magnitude compared to the case C or D.
Frequency Domain Analysis
The sampled acceleration files are analyzed in the frequency domain using Fourier transforms. The algo rithm for Fourier transform analysis is created in Mathcad. In order to reduce the effect of the leakage a Han ning window [6] is utilized in the algorithm. Looking at the frequency spectra for the different cases, there seem to be several major frequency components in the acceleration signals. In order to visualize the difference in the results for the given cutting conditions the same scale for the graphs is used. Several important observa tions can be made from the frequency spectra in Fig. 12 . Firstly, the frequency spectra for the cases A, B, and C seem to be very similar. The strongest frequency components for A, B, and C cases in the X direction come from low frequency range (defined here up to 200 Hz) around 32 Hz, which corresponds to the third harmonic of tooth passing frequency. Besides this frequency component, the next strongest frequency component in the X direction is around 500 Hz which corresponds to the first mode in the X direction. In the Y direction the highest magnitudes are around the first mode in the Y direction, 900 Hz but the second (1517 Hz) and the fourth (5868 Hz) modes have also certain contributions in the frequency spectrum. The low frequency com ponent at 32 Hz is strongly presented in the Y direction too. For the frequency spectrum in the Z direction the dominant modes are the most flexible modes (497, 917, and 1091 Hz) but also some increase of the magnitude is notable at the third and fourth modes (4639 and 6099 Hz). The significant contribution of the low frequency range can be found in the Z direction. The greatest difference in the amplitudes is generated in the case D. The frequency range excited at this cutting conditions is much bigger compared to the rest of the cutting conditions causing significant excitation even at high frequencies around 11500 Hz. All lower modes seem to be strongly conclusion drawn from the modal analysis as the most flexible modes are in the Y and Z directions. Addition ally, the cutting force direction as the source of the excitation in the relation to the workpiece has great impact on the magnitude of the vibrations.
Root Mean Square, RMS
From the sampled acceleration files, RMS values have been calculated for all five cutting conditions. RMS and radial depth of cut. RMS has been computed directly from the sampled data in the time domain. The computed RMS values exhibit strong dependency on the radial depth of cut. The trend seems to be iden tical for all three directions. The RMS values for the critical radial depth of cut, the case D are roughly three to five times higher compared to the other radial depths of cut. All cutting geometries show the same trend as illustrated in Fig. 13 .
As the radial positions B-E and D-C are symmetrical with respect to the central axis of the milling cutter, the chip thickness is assumed to be equal at the very entry of the cutting edge into the workpiece. The differ ence in the entry position is that the chip thickness grows in the up milling case (B and C at the entry) while it decreases in the cases D and E. Despite the growth of the chip thickness for the B and C cases the RMS values are higher for the critical case D where the entry is momentous but even for the case E in comparison to the case B. The acceleration graphs demonstrate stable cutting conditions as there is no significant increase of the acceleration amplitudes over time. Although the regeneration effect might be present in these particular cut ting conditions its effect seems to be suppressed by the transient and forced vibrations. In order to further explore the influence of the radial depth of cut and entry conditions on the vibratory behavior in milling an additional test has been carried out by fully equipped milling cutter. The milling cutter had differential pitch and 6 inserts with the cutting geometry CG3. Interestingly, as shown in Fig. 14 the vibrations generated on the workpiece with fully equipped cutter seem to give very similar dependency of RMS value as the trials run with one tooth.
RMS and cutting geometries. Three cutting geometries, CG1, CG2, and CG3 have been run in identical cutting conditions as shown in Table 1 . RMS values from these tests are shown in Fig. 15 .
Even if there seems to be certain pattern in the graphs for the case D and E, the relations between the vibra tion amplitudes and cutting geometries is not completely clear. For instance, the most negative geometry, both on the rake angle and chamfer angle generates highest vibrations in the case D, but not on the case E. It can also be observed that CG2 which is most positive geometry gives higher vibration than CG1 in the case D. It should be emphasized at this stage that the cutting edge of CG3 is straight line, while it is curved line in the case of CG1 and CG2, which has strong impact on the entry vibrations. Despite that, in some cutting condi tions CG1 and CG2 give higher amplitudes compared to CG3. Although the chip thickness is assumed to be identical at the very entry for B-E cases and C-D cases, the geometrical conditions are different, including the contact point and chip growth. Even potential damping effects as function of cutting geometry might affect RMS value. 4. ANALYSIS OF RESULTS The results shown in the previous section indicate that the entry of the cutting edge into the workpiece has significant effect on total level of vibration of milling cutter. The entry of the cutting edge might be character ized by two important parameters, the magnitude and rise time of the impact. These parameters directly depend on geometrical features of the tool and workpiece but also process conditions as cutting parameters. If we assume that a certain load variation, i.e., its amplitude has negative effect on the tool life, for instance caus ing chipping, sudden failure or any other effect that originates from the load variation on the cutting edge, then the entry but also exit condition play important role not only on dynamics but whole mechanics of the cutting. Although the given cutting condition generates stable cutting, the importance of the reduction of the ampli tude of vibration might be essential for the tool life.
The cutting force that is generated by the impact, which is also the driver of the acceleration of the struc ture, is periodic and nonharmonic. This force with its frequency content excites the structure. Resulting motion of the structure is affected by each harmonic of the cutting force but also the modal properties of the structure. Looking at the results in the frequency domain, a number of dominant frequencies can be found. These frequencies coincide rather well with the natural modes presented in the modal analysis; which indi cates that the harmonics of the cutting force strongly affect the vibration amplitude. For the case D when the radial depth of cut is critical, not only the magnitude of the vibration is higher but the frequency range that is excited in this case is much higher showing the significant amplitudes even at 8.7 and 11.4 kHz.
The proposed method by utilizing direct RMS approach on the measurements of the acceleration of the workpiece seems to give rather precise description of the dynamics in the different cutting conditions. This method emphasizes the amplitude and its variation over the engagements. It also demonstrates unfavorable radial depth of cut, i.e., entry conditions quite easily. Another advantage of the RMS value is that it possesses statistical value as it is directly related to variance. Changing of the radial depth of cut changes both the mag nitude and the rise time of the impact. The unfavorable radial depth of cut can be identified from the computed RMS value. It is important to emphasize that RMS gives a measure of the vibration amplitude over time and doesn't quantify any other parameter that might affect the tool life.
As already stated, the milling tests in this study have all been stable. Taking that into account, it might be of interest to look into the result when the cutter was fully equipped. Despite the fact that the number of teeth in the engagement is greater for A, B, and C cases compared to the critical (D) radial depth of cut, computed RMS value is higher for D case which highlights the effect of the entries and exits on the vibrating behavior of a milling cutter.
Additional work seems to be required to further explore the influence of the cutting edge geometry on the milling dynamics.
CONCLUSIONS
Root mean square value captures the relation between the entry of the cutting edge into workpiece and vibrations in milling.
The presented method can be utilized for the evaluation of tools and optimization of cutting conditions. There is no consistent relation between the vibration amplitudes and cutting geometries. The results indi cate that the choice of the cutting geometry to minimize vibration might also be the function of the radial depth of cut.
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